Abstract: Natural gas hydrate (NGH) is a potential type of clean and efficient energy that is widely distributed in the ocean and permafrost, and most of the present researches are mainly focused on finding out efficient exploitation methods. Taking the effects of natural gas productivity and extraction time into account, one of the exploitation methods that are most commonly investigated is depressurization combined with thermal stimulation. However, few studies considered the effect of different mining methods on NGH production in vertical wells, especially aiming at the in-situ electric heating without mass injection and the comparison of production efficiency in different modes. Considering the current research status, four exploitation methods which are pure depressurization (PD), pure heating (PH), simultaneous depressurization combined with electric heating (SDH) and huff and puff (H&P) were carried out in this paper to study the influences of different production methods on NGH exploitation in a vertical well. Some parameters such as gas production (V P ), water production (C P ) and the energy efficiency (η) were investigated to evaluate the production performance of these methods. The results suggest that the temperature in the reactor is affected by the exploitation methods as well as the water production during exploitation. For PD, although it has no extra energy consumption, the longest production period is seen in it due to the insufficient pressure driving force. On the contrary, the NGH cannot be completely exploited only triggered by heating driving force with PH method. So there is a limited decomposition effect with it. Taking the gas production time, the V P , and the NGH dissociation rate into account, the production effects of SDH are more beneficial than other methods as the dual decomposition driving force was adopted in it. Furthermore, a reasonable heating power can result in a better production performance. On the other hand, promoted by pressure difference and discontinuous heating, H&P shows its obvious advantage in shortening production duration and improving energy efficiency, which is therefore believed to have the best commercial exploitation value among the four methods.
Introduction
Natural gas hydrate (NGH) is a kind of crystal compound that is mainly formed by water molecules binding methane molecules under the condition of low temperature and high pressure [1] . The hydrate-forming gas molecules (e.g., CH 4 , C 2 H 6 and CO 2 ) are usually small and light, and the heat for NGH decomposition was the main reason for ice formation in the porous media. Based on the results of Zhao et al., Li et al. [46] simulated NGH dissociation around the freezing point by depressurization, and they confirmed the existence of the "freezing stage" (i.e., the coexistence of gas, water, ice, and NGH). Besides, around this point, the latent heat released by the formed ice contributed to the hydrate decomposition despite the block effect on fluids.
Yet, considering the exploitation effects such as gas production rate and exploitation time, depressurization combined with thermal stimulation is believed to be another most potential exploitation method. Some research has also been done in thermal stimulation to make a comparison of the production effects with the former. Tang et al. [47] set up six experimental runs for NGH exploitation by thermal injection with hot water of different temperatures or injection rates; And the results showed that the lower temperature and injection rate of water and the higher hydrate saturation resulted in the higher energy ratio. By combination method with wellbore heating, Falser et al. [48] studied the impact of in-situ heating on gas production. The result also suggested that under the same extraction pressure, the extra heat could greatly raise the gas production. Using the PHS with horizontal wells, Li et al. [49] investigated NGH decomposition by the steam assisted gravity drainage (SAGD) method. With different steam injection rates, they found that the increase of it led to a higher gas production rate, but the opposite trend was seen for the Energy Efficiency Ratio (EER) and the gas-to-water ratio. Furthermore, the assessment and comparison of gas production between SAGD and anti-gravity drainage (SAAD) method were firstly applied by Li et al. [50] . Then the analysis of the hydrate dissociation rate, the gas production rate and EER proved the suitability of the two methods for NGH exploitation in hydrate sediments with high permeability, although SAAD might be more suitable for gas production than SAGD. Yang et al. [51] employed a middle-size 3D reactor for the study of gas production by hot-water cyclic injection. They found that the rise of hydrate saturation and temperature resulted in the increase of the energy efficiency ratio. However, the efficiency was reduced with the increases of liquid injection temperature and production pressure. Similarly, Li et al. [52] carried out hydrate dissociation experiments in a three dimensional cubic hydrate simulator (CHS) using huff and puff method, and the experimental results showed that the heat from the well had limited effect on hydrate dissociation and it cannot transfer evenly in all directions. Apart from these, Song et al. [41, 53] adopted depressurization, warm-water injection and combination method to study the gas production behaviors of NGH. The combination method was found to be the most advantageous exploitation method compared with others in gas production and energy efficiency. After this, by adding the analysis results of magnetic resonance imaging (MRI), they further proved the advantages of this method especially in dealing with difficulties in low gas production and energy efficiency. Found from above studies, previous studies have focused on combination method with hot water injection, while there is less research on heating and heating combined depressurization without external mass injection.
In addition to exploitation methods, we need to consider the type of the production well as it will also influence the gas production in hydrate sediments [5, [54] [55] [56] [57] [58] [59] . In this paper, the NGH exploitation by a single vertical well is mainly studied. And due to the simplest well arrangement as well as relatively short well length, many experts have made some achievements in this aspect. Loh et al. [54] investigated the hydrate dissociation behaviors by depressurization combined with wellbore heating in two wells for gas production and heating respectively. Based on the previous study, they suggested that in a single vertical well by depressurization combined with wellbore heating, the flow direction of the produced liquid and gas was opposite to that of the heat transfer from the heating well, which caused forced convection, weakening the driving force of NGH decomposition. The results also indicated that the effect of depressurization could be improved by thermal injection. In addition, by reducing the exploitation pressure at the same heating power, higher energy efficiency could be obtained. However, this could not be achieved by increasing the heating power, even though a higher heating power could lead to a higher gas production rate. In addition, according to the data obtained from the drilling site of GMGS2-08, Wang et al. [60] stimulated NGH exploitation in a single vertical well by depressurization, and they found the decrease of pressure led to the rise of gas production. Li et al. [6] drew the same conclusion according to the results of experiment and numerical simulation. Furthermore, they also thought the mass and heat transfer mainly dominated the hydrate decomposition by depressurization in the pilot-scale simulator. Besides, after the comparison of NGH exploitation in a vertical well with that in a horizontal well, Qorbani et al. [9] suggested a slightly higher hydrate decomposition rate with the former well pattern than the later.
From these studies, it is easy to recognize that there are few studies focusing on the effects of the application of different exploitation methods on NGH production in a vertical well, especially aiming at the in-situ electric heating without mass injection and the comparison of production effects in different depressurization and heating modes. Considering the present research status, we have developed an experimental instrument that is equipped with a resistance heating system in the center of the reactor. It can simulate the exploitation of NGH in porous media. In this apparatus, four exploitation methods: pure depressurization (PD), pure electric heating (PH), simultaneous depressurization combined with electric heating (SDH), and huff and puff method (H&P) are employed to simulate the decomposition of NGH and to optimize the production process. By analyzing the changes of various parameters (i.e., temperature, gas production and energy efficiency) in the process of decomposition, it is aimed to find out the most efficient exploitation way. The applicability of commercial exploitation by these methods is compared by taking into consideration the factor of energy quality, which has never been considered for the evaluation of energy efficiency in previous studies. Figure 1 shows the schematic of the experimental system for the methane hydrate formation and dissociation, which are carried out in a stainless steel pressure reactor. The effective volume of the reactor is 1.5 L (length × width × height: 100 × 100 × 150 mm). And the container can withstand a maximum pressure of 30 MPa. Two pressure sensors are connected to the pipe at the top and bottom of the container for the measurement of the system pressure. horizontal well, Qorbani et al. [9] suggested a slightly higher hydrate decomposition rate with the former well pattern than the later. From these studies, it is easy to recognize that there are few studies focusing on the effects of the application of different exploitation methods on NGH production in a vertical well, especially aiming at the in-situ electric heating without mass injection and the comparison of production effects in different depressurization and heating modes. Considering the present research status, we have developed an experimental instrument that is equipped with a resistance heating system in the center of the reactor. It can simulate the exploitation of NGH in porous media. In this apparatus, four exploitation methods: pure depressurization (PD), pure electric heating (PH), simultaneous depressurization combined with electric heating (SDH), and huff and puff method (H&P) are employed to simulate the decomposition of NGH and to optimize the production process. By analyzing the changes of various parameters (i.e., temperature, gas production and energy efficiency) in the process of decomposition, it is aimed to find out the most efficient exploitation way. The applicability of commercial exploitation by these methods is compared by taking into consideration the factor of energy quality, which has never been considered for the evaluation of energy efficiency in previous studies. Figure 1 shows the schematic of the experimental system for the methane hydrate formation and dissociation, which are carried out in a stainless steel pressure reactor. The effective volume of the reactor is 1.5 L (length × width × height: 100 × 100 × 150 mm). And the container can withstand a maximum pressure of 30 MPa. Two pressure sensors are connected to the pipe at the top and bottom of the container for the measurement of the system pressure. The methane gas needed for hydrate formation is supplied by a gas tank with the volume of 2.0 L and the bearable pressure range of 0-25 MPa. And through a PID controller (0-6000 psi, ±0.1%, Tescom) located at the inlet of the reactor, the methane gas can be pumped into the reactor to a specific pressure. The production pressure is controlled by a back pressure regulator installed at the outlet of the container, the bearable pressure of which is 0-30 MPa with the accuracy of ±0.05 MPa. After being dried, the instantaneous gas production rate and the volume of the accumulative gas are measured The methane gas needed for hydrate formation is supplied by a gas tank with the volume of 2.0 L and the bearable pressure range of 0-25 MPa. And through a PID controller (0-6000 psi, ±0.1%, Tescom) located at the inlet of the reactor, the methane gas can be pumped into the reactor to a specific pressure. The production pressure is controlled by a back pressure regulator installed at the outlet of the container, the bearable pressure of which is 0-30 MPa with the accuracy of ±0.05 MPa. After being dried, the instantaneous gas production rate and the volume of the accumulative gas are measured by the gas flow meter with the measuring range of 0-5 L/min and the accuracy of ±1%. The produced gas and water are separated with the use of the gas/water separator. The water is weighed by an electronic balance, of which the measuring range is 0-2200 g with the accuracy of ±0.01 g. All the experimental data obtained from these sensors and equipment are sent to the data acquisition system. Figure 2 shows the schematic of the well design and the distribution of thermometers in the container. The vertical well is located in the center of the reactor with the effective length of 120 mm and the radius (r w ) of 3 mm. In the axis direction of the well, there is a resistance-heating rod (73.5 Ω) with almost the same length as the well. The heating rod is powered by a DC power to heat the wellbore evenly. The electric insulating material film is used to seal the resistance-heating rod to ensure the safety of the electric heating process. On the surface of the vertical wellbore, eight rows of small holes are set up to release the gas and water, and these holes are small enough to make sure that no solid particles can enter the pipelines and result in flow problem.
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Well Configuration
The whole reactor is immersed in the water bath. Nine temperature sensors are set up in a square area with the size of 80 × 80 mm in the middle of the reactor, and they are used to monitor the temperature changes in this container. The central thermometer is T5, and the thermometers in the four corners are T1, T3, T7 and T9, respectively. The distance of T5 to its adjacent thermometer is 40 mm. by the gas flow meter with the measuring range of 0-5 L/min and the accuracy of ±1%. The produced gas and water are separated with the use of the gas/water separator. The water is weighed by an electronic balance, of which the measuring range is 0-2200 g with the accuracy of ±0.01 g. All the experimental data obtained from these sensors and equipment are sent to the data acquisition system. Figure 2 shows the schematic of the well design and the distribution of thermometers in the container. The vertical well is located in the center of the reactor with the effective length of 120 mm and the radius (rw) of 3 mm. In the axis direction of the well, there is a resistance-heating rod (73.5 Ω) with almost the same length as the well. The heating rod is powered by a DC power to heat the wellbore evenly. The electric insulating material film is used to seal the resistance-heating rod to ensure the safety of the electric heating process. On the surface of the vertical wellbore, eight rows of small holes are set up to release the gas and water, and these holes are small enough to make sure that no solid particles can enter the pipelines and result in flow problem.
The whole reactor is immersed in the water bath. Nine temperature sensors are set up in a square area with the size of 80 × 80 mm in the middle of the reactor, and they are used to monitor the temperature changes in this container. The central thermometer is T5, and the thermometers in the four corners are T1, T3, T7 and T9, respectively. The distance of T5 to its adjacent thermometer is 40 mm. 
Hydrate Formation Procedure
Before the formation of hydrates, the quartz sand with a diameter of 270-380 μm was cleaned in advance with deionized water, and then it was dried and packed tightly in the closed reactor. The porosity of it was measured to be 44.2% by the drainage method and a vacuum pump was used to remove the air remaining in the sand void. At last, a certain amount of methane gas and deionized water were injected into the reactor to form NGH at constant temperature. In the hydrate formation process, the gas saturation (SG), the water saturation (SA) and the hydrate saturation (SH) can be calculated as follows [6, 61, 62] : 
Before the formation of hydrates, the quartz sand with a diameter of 270-380 µm was cleaned in advance with deionized water, and then it was dried and packed tightly in the closed reactor. The porosity of it was measured to be 44.2% by the drainage method and a vacuum pump was used to remove the air remaining in the sand void. At last, a certain amount of methane gas and deionized water were injected into the reactor to form NGH at constant temperature. In the hydrate formation process, the gas saturation (S G ), the water saturation (S A ) and the hydrate saturation (S H ) can be calculated as follows [6, 61, 62] :
where v m represents the molar volume of methane gas (mL/mol), which is calculated using the Peng-Robinson EOS; n m0 stands for the total amount of the injected methane gas, and n m,G and n m,W are the amount of methane remaining in the gas phase and dissolved in the liquid phase, respectively (mol). The total pore volume of quartz sand (V pore ) remains constant during the experiment (mL), as the sand is considered incompressible under high pressure; m W0 is the total mass of the injected water (g); n H is hydration number; M W and M H are the molar mass of water and NGH, respectively (g/mol); ρ W and ρ H are the density of water and NGH, respectively (g/mL). Among them, the gas solubility is calculated using Henry's law based on the experimental pressure and temperature data. The total amount of gas and water injected in each experiment group were 3.30 mol and 370.23 mL, respectively. And the temperature of water bath was controlled at 7.8 • C. The formation of hydrates was terminated at pressure P = 8.0 MPa. At this time the three phase saturations (i.e., hydrate, water and gas) were S H = 0.440, S A = 0.200, and S G = 0.360, respectively. However, especially in PH, since the production pressure was above the equilibrium pressure, the target saturation of hydrate formation (S H ) was about 0.300 in this experimental group.
Decomposition Procedure
We conducted five groups of experiments with different exploitation methods in this study, which were named as Run 1-5. Run 1 adopted pure depressurization (PD). Depressurization combined with electric heating method (SDH) was employed in Run 2 and 3. Run 4 and 5 used pure electric heating (PH) and huff and puff method (H&P), respectively. The NGH exploitation was characterized by two stages: 1. The depressurizing stage (stage I), during which the pressure in the reactor was decreased from the initial pressure (about 8.0 MPa) to the final production pressure (i.e., 5.0 and 5.9 MPa).
In this stage, the pressure was set to the production pressure by the back pressure regulator. The opening of the outlet valve caused the gas and water to be continuously produced; 2. The constant pressure production stage, namely, the production stage (stage II). Due to pressure changes and free gas production in the depressurizing stage, this paper mainly studied the exploitation behaviors of NGH during the production stage. And the parameters of each run were shown in Table 1 . And the detailed calculation process can be found in the published papers [63, 64] . The detailed experimental processes of each method in the production stage are as follows:
(1) PD. After the depressurizing stage, the pressure was decreased to 5.0 MPa. During the production stage, the production pressure was fixed at approximately 5.0 MPa with the accuracy of ±0.05 MPa by adjusting the back pressure regulator. There was no electric heat supplied during the whole experiment. (2) PH. The resistance rod began to work at a constant electric heating power when the production pressure was adjusted at approximately 5.9 MPa, which indicated the start of the production stage. Since this pressure is a little higher than the equilibrium pressure of 5.7 MPa, there was no depressurizing driving force for hydrate dissociation in this case.
(3) SDH. The experimental process of SDH was basically the same as that of PH. And the only difference was the production pressure of SDH (5.0 MPa), which was lower than the phase equilibrium pressure. (4) H&P. The production stage was composed of several cycles and there were three steps in each cycle, which were the heat injection, the soaking and the production step. The first step of this stage was the heat injection, in which the heating was lasted at a constant electric heating power for 5 min with the reactor closed. The soaking was the second step, in which the electric heating was stopped, and the reactor was closed for 3 min for heat diffusion. During this step, the pressure in the reactor increased gradually. And in the final step (the production step), the back pressure regulator was opened and the gas and water began to produce. Once the pressure in the reactor decreased to 5.0 MPa again, the reactor was closed and the electric heating started again, indicating the beginning of the next production cycle. Each cycle of the above three steps was called a H&P cycle. This was thus a kind of combination method of depressurization and thermal stimulation operated in a single vertical well. Where Run represents the test serial number; Category stands for the category of each experimental method; Power Q and P W represent the heating power and the production pressure in each experiment group, respectively, and t is the duration of the production stage; S H1 , S G1 , and S A1 represent the initial saturations of NGH, methane gas and water when the pressure was just dropped to the production pressure; V P is the total amount of gas accumulated in the stage II after exploitation; T5 represents the temperature at the center of the reactor in each run at the end of the production stage; C P stands for the total amount of water produced outside the reactor.
For the above four exploitation methods, when there was no gas released from the reactor and the temperature of each thermometer increased above the phase equilibrium temperature in each situation, the experiments were accomplished.
Results and Discussion
Temperature Profiles
As shown in Table 1 , Run 3 adopted SDH with the heating power and production pressure of 25 W and 4.5 MPa respectively. According to the experimental conditions of the five Runs, Run 3 was set to be the reference group. Figure 3 shows the temperature changes of T1, T2, T8 and T9 under the combined action of the depressurization and electric heating in this Run. It could be seen that the temperatures at different locations of the reactor increased gradually, meaning that the heat originated from electric heating could be efficiently transferred from the heating well to the hydrate sediment. At the beginning, the temperatures of T1 and T2, T8 and T9 could be kept constant for some time because the injected heat had not affected these locations, followed by the rise of T1 and T9 at point A, T2 and T8 increased at point B. This was because T1 and T9 were located in the corners of the reactor, the hydrate around which could absorb heat from two adjacent boundaries of the reactor. However, the temperatures of T2 and T8 accelerated to rise at point C, which was earlier than that of T1 and T9 at point D, and the final temperatures of the former were higher than that of T1 and T9. The reason of this was that the heat transfer distance from the center well to T2 was closer than that to T1. Moreover, the heat transferred to water bath from only one boundary, resulting in a smaller amount of heat loss. At the same time, we could see that each temperature curve tends to be stabilized at a temperature higher than the water bath during the later stage of Run 3, indicating that the heat transfer between the inside and the outside of the reactor gradually reached an equilibrium state and the hydrate was completely decomposed. In addition, in the process of the experiment, the temperature profiles of T1 and T9, and T2 and T8 were basically the same respectively, which also confirmed the roughly even distribution of the hydrate inside the reactor [64] . Figure 4a,b show the temperature changes of T5 and water production respectively in the five runs, and the experimental parameters are listed in Table 1 . As the water production in the stage I influenced the water distribution and then the water production in the stage II, the start point of Figure 4b chose the water production at the end of the stage I. Since the hydrate absorbed heat to decompose during the depressurizing stage, the initial points of the curves in all runs were below 7.8 °C (Run 1, 2, 3 and 5: 6.84, 6.93, 6.96 and 7.56 °C respectively) except Run 4 with PH (7.8 °C). This was because the production pressure of Run 4 did not drop below the equilibrium point, and the hydrate in the reactor was still in a phase equilibrium state without decomposition, making the initial temperature of the curve the same as that of the water bath.
(a) Figure 4a,b show the temperature changes of T5 and water production respectively in the five runs, and the experimental parameters are listed in Table 1 . As the water production in the stage I influenced the water distribution and then the water production in the stage II, the start point of Figure 4b chose the water production at the end of the stage I. Since the hydrate absorbed heat to decompose during the depressurizing stage, the initial points of the curves in all runs were below 7.8 • C (Run 1, 2, 3 and 5: 6.84, 6.93, 6.96 and 7.56 • C respectively) except Run 4 with PH (7.8 • C). This was because the production pressure of Run 4 did not drop below the equilibrium point, and the hydrate in the reactor was still in a phase equilibrium state without decomposition, making the initial temperature of the curve the same as that of the water bath. Figure 4a,b show the temperature changes of T5 and water production respectively in the five runs, and the experimental parameters are listed in Table 1 . As the water production in the stage I influenced the water distribution and then the water production in the stage II, the start point of Figure 4b chose the water production at the end of the stage I. Since the hydrate absorbed heat to decompose during the depressurizing stage, the initial points of the curves in all runs were below 7.8 °C (Run 1, 2, 3 and 5: 6.84, 6.93, 6.96 and 7.56 °C respectively) except Run 4 with PH (7.8 °C). This was because the production pressure of Run 4 did not drop below the equilibrium point, and the hydrate in the reactor was still in a phase equilibrium state without decomposition, making the initial temperature of the curve the same as that of the water bath.
(a) With the use of PD in Run 1, the hydrate decomposition was only promoted by depressurizing driving force during the production stage, and the pressure fluctuation range was within ±0.05 MPa. Meanwhile, the temperature of T5 remained stable at around 6.84 °C during a long period before a gradual increase to 7.01 °C. This was due to that the heat was transferred slowly from the water bath with a higher temperature to the reactor center in a lower temperature, and the rate of hydrate decomposition was controlled within a certain range. Thus, the temperature of T5 remained unchanged until the heat was transferred to the central areas. Moreover, the temperature in the reactor tended to approach the temperature of the water bath if the duration was long enough to reach the heat transfer balance between the hydrate sediment and the water bath.
Run 2 and 3 adopted SDH for hydrate exploitation. The temperatures of T5 in these two runs showed rapid increases, and then slightly decreased and fluctuated between 40 and 55 min, and between 25 and 45 min respectively. Afterwards, the curves of the two runs continued to increase and quickly reached their maximum values and stabilized. The first increases of T5 in two runs were due to the continuous heat injection. And the reason for the slight decrease and fluctuation of T5 was that the cumulative water production increased during this period, and the flow of gas and water took a lot of heat out of the reactor. Meanwhile, the hydrate sediment around the vertical well, the hydrate decomposition and the liquid in the reactor absorbed a large amount of heat. On the other hand, it was also possible that the hydrate near the boundary partially decomposed and became small particles, which quickly flowed to the vicinity of the production well with the gas and liquid, and then the violent decomposition of these small particles led to this change in temperature. However, due to the difference in electric heating power, the severity of hydrate decomposition was different, as well as the degree of temperature drop.
In Figure 4a , the temperature curve of Run 4 with PH rose firstly with a rapid rate before a slight decrease at the inflection point. Afterwards, it slowly rose again until reaching a stable level. We could see from Figure 4b that about 18 g water was produced in Run 4 at the beginning of the production stage, at which some methane gas filled the sediment pores around the central well due to the release of the water. When the production started, this part of gas in the pores absorbed less heat than the hydrate for decomposition, thus the temperature of T5 arranged next to the vertical well rose sharply. As the hydrate around the vertical well was further decomposed, the water produced by hydrate decomposition in the reactor was brought to the vicinity of the central well under the influence of pressure difference and gas flow, and the cold water began to absorb heat, causing the With the use of PD in Run 1, the hydrate decomposition was only promoted by depressurizing driving force during the production stage, and the pressure fluctuation range was within ±0.05 MPa. Meanwhile, the temperature of T5 remained stable at around 6.84 • C during a long period before a gradual increase to 7.01 • C. This was due to that the heat was transferred slowly from the water bath with a higher temperature to the reactor center in a lower temperature, and the rate of hydrate decomposition was controlled within a certain range. Thus, the temperature of T5 remained unchanged until the heat was transferred to the central areas. Moreover, the temperature in the reactor tended to approach the temperature of the water bath if the duration was long enough to reach the heat transfer balance between the hydrate sediment and the water bath.
In Figure 4a , the temperature curve of Run 4 with PH rose firstly with a rapid rate before a slight decrease at the inflection point. Afterwards, it slowly rose again until reaching a stable level. We could see from Figure 4b that about 18 g water was produced in Run 4 at the beginning of the production stage, at which some methane gas filled the sediment pores around the central well due to the release of the water. When the production started, this part of gas in the pores absorbed less heat than the hydrate for decomposition, thus the temperature of T5 arranged next to the vertical well rose sharply. As the hydrate around the vertical well was further decomposed, the water produced by hydrate decomposition in the reactor was brought to the vicinity of the central well under the influence of pressure difference and gas flow, and the cold water began to absorb heat, causing the temperature around the well to decrease. Then an inflection point appeared in the temperature curve of T5 in Run 4 after 10 min. When this water was heated, the temperature of T5 continued to rise slowly after 20 min. It could be seen from Figure 4a that under the same heating power, the temperature and the increasing rate of it in Run 4 with PH were consistently higher than that in Run 3 with SDH during the first 10 min. However, the temperature of Run 3 exceeded that of Run 4 after 50 min. Comparing the cumulative water production of Run 3 (SDH) with that of Run 4 (PH), Run 3 brought out a large amount of water, while there was little water produced outside the reactor in Run 4 within the first 10 min. Besides, the decomposition rate of hydrate under double driving force of depressurizing and heating was faster than that driven by heating alone. Under the same heating power, the hydrate decomposition with SDH was thus faster than that with PH. Therefore, the temperature rising rate of SDH was lower than that of PH in the early stage. The entire exploitation duration of the Run 3 and Run 4 was 94 min and 326 min, respectively. And when the experiment was carried out to 50 min, the production of Run 4 was just begun, while that of Run 3 was already half-expired. It indicated that the mass of the undecomposed hydrate of Run 4 remained in reactor was more than that of Run 3 at 50 min. Affected by the endothermic decomposition of undecomposed hydrates in the reactor, the temperature rising rate of Run 4 became lower than that of Run 3. Hence, the temperature rising rate and the temperature of Run 3 with SDH were higher than that of Run 4 with PH in the later period.
Since the heating of H&P in Run 5 was not continuous but cyclic with a fixed heating time, the temperature curve during the production stage was consisted with multiple cyclic groups. The temperature peak value of cyclic group with H&P was increasingly higher as the experiment proceeded, showing an upward trend. This was because the heat provided by the electric heating in each cycle was greater than the heat required for hydrate decomposition, and there was residual heat provided by the electric heating in the reactor after the end of each cycle, resulting in a higher initial temperature in the next cycle than the previous one. Therefore, the temperature of T5 tended to increase with the same amount of heat provided by the electric heating in each cycle. Figure 5 shows the change of the cumulative gas production (V P ) and the hydrate undecomposed mass (m H ) with four exploitation methods, in which the heavy line indicated V P , and the thin line represented m H . And the heating power of the three Runs requiring electric heating was 25 W. From the comparison of V P with m H , it was found that the V P and m H curves of the same Run intersected at one point, where the total amount of undecomposed hydrate was just equal to that of decomposed hydrate in the reactor. Besides, the cease of the increase in the V P curve corresponded exactly to the stop of hydrate decomposition. This showed that the free gas in the reactor made no contribution to the gas production in the experiment in stage II, and the hydrate decomposition was the only source of gas production.
Gas Production
The V P curve gradually increased but the m H curve gradually decreased by PD, in which the production duration was the longest due to the slow heat absorption rate from the water bath for decomposition; Furthermore, the rates of gas production and hydrate decomposition continued declining over time. This was because the hydrate decomposition front moved from the surrounding boundary to the central well, and the heat transfer distance became longer, which increased the heat transfer resistance. Thus, the heat transfer rate was increasingly slower from the water bath to the central area. The experimental run with SDH showed the shortest period of production, while its V P and m H curves maintained a large slope to increase and decrease respectively at the same coordinate scale as other experimental runs. In contrast with PD method, extra heating driving force was provided in SDH. In addition to the endothermic decomposition of the hydrate promoted by the water bath at the boundary of the reactor, the hydrate surrounding the vertical well was also rapidly decomposed by the heat, which greatly increased the decomposition rate of hydrate and gas production to show a promising exploitation effect. With PH method, the rate of gas production and hydrate decomposition was larger than that with PD during the early production period, while it was slower than that in SDH as the higher initial temperature of the hydrate sediment led to the larger heating transfer resistance. In the later production period, the rates of gas production and hydrate decomposition with PH became increasingly smaller due to the continuously larger heat loss, and even the V P of PH fell below that of PD at 300 min. Only promoted by heating driving force, although the electric heating could provide continuous heat, more and more heat provided by it per unit time was absorbed by the quartz sand and water in the reactor and the external water bath as the interface of hydrate decomposition moved away from the well. Besides, the flow of gas and water would take away some heat out of the reactor. So all of these parts caused a large amount of heat loss. Meanwhile, since the P W of PH was higher than the equilibrium pressure, the hydrate around the reactor boundary was not decomposed by absorbing heat from the water bath. And the residual hydrate in the reactor continuously reduced as well. Thus, heat transfer and the remained hydrate within the heating surface affected the hydrate decomposition, and the continuous decrease of above two factors resulted in the increasingly faster decreases of the gas production and hydrate decomposition rates after 80 min. In addition, the total amount of gas production was the lowest among other runs because of the incomplete hydrate decomposition, and one could see from Figure 5 that the m H curve in PH did not drop to 0. These residual hydrates might be distributed away from the heating well and close to the inner wall of the reactor. When the limited heat transferred to the boundary, it was absorbed by the external water bath with a constantly lower temperature, and the temperature in the region near the reactor wall could not rise above the phase equilibrium temperature corresponding to the production pressure, thus the hydrate around the reactor wall would not dissociate. It could be concluded that the effect of electric heating in PH was limited when exploiting the NGH existed in a large scale or in the situation with an insufficient heating rate. Thus, it might be impossible for the exploitation of the hydrate located far from the heating well. heating transfer resistance. In the later production period, the rates of gas production and hydrate decomposition with PH became increasingly smaller due to the continuously larger heat loss, and even the VP of PH fell below that of PD at 300 min. Only promoted by heating driving force, although the electric heating could provide continuous heat, more and more heat provided by it per unit time was absorbed by the quartz sand and water in the reactor and the external water bath as the interface of hydrate decomposition moved away from the well. Besides, the flow of gas and water would take away some heat out of the reactor. So all of these parts caused a large amount of heat loss. Meanwhile, since the PW of PH was higher than the equilibrium pressure, the hydrate around the reactor boundary was not decomposed by absorbing heat from the water bath. And the residual hydrate in the reactor continuously reduced as well. Thus, heat transfer and the remained hydrate within the heating surface affected the hydrate decomposition, and the continuous decrease of above two factors resulted in the increasingly faster decreases of the gas production and hydrate decomposition rates after 80 min. In addition, the total amount of gas production was the lowest among other runs because of the incomplete hydrate decomposition, and one could see from Figure 5 that the mH curve in PH did not drop to 0. These residual hydrates might be distributed away from the heating well and close to the inner wall of the reactor. When the limited heat transferred to the boundary, it was absorbed by the external water bath with a constantly lower temperature, and the temperature in the region near the reactor wall could not rise above the phase equilibrium temperature corresponding to the production pressure, thus the hydrate around the reactor wall would not dissociate. It could be concluded that the effect of electric heating in PH was limited when exploiting the NGH existed in a large scale or in the situation with an insufficient heating rate. Thus, it might be impossible for the exploitation of the hydrate located far from the heating well. The VP and mH curves in H&P showed a step-like rise and serrated decrease respectively, and the reasons were as follows:
(1) During the heat injection and the soaking step, the reactor was closed, and the gas was discharged quickly after the opening of the reactor in the production step. The VP curve of H&P thus increased in a ladder shape. It was observed that the step height of the VP curve with H&P continuously decreased, indicating that the gas production during each cycle gradually dropped with time. This was due to the continuous reduction of the total amount of the hydrate and the increase of the hydrate decomposition regions. The heat transfer rate and the heat utilization The V P and m H curves in H&P showed a step-like rise and serrated decrease respectively, and the reasons were as follows:
(1) During the heat injection and the soaking step, the reactor was closed, and the gas was discharged quickly after the opening of the reactor in the production step. The V P curve of H&P thus increased in a ladder shape. It was observed that the step height of the V P curve with H&P continuously decreased, indicating that the gas production during each cycle gradually dropped with time. This was due to the continuous reduction of the total amount of the hydrate and the increase of the hydrate decomposition regions. The heat transfer rate and the heat utilization efficiency from the vertical well to the hydrate zone were significantly reduced, resulting in a gradual decline in gas production in the later cycles of huff and puff process. (2) In each cycle of huff and puff process, during the heat injection and the soaking step, the production well was not open for gas production, and the pressure in the reactor continued rising, leading to the decrease of the pressure driving force. Electric heating at this time mainly provided the driving force for hydrate decomposition. When gas was produced from the vertical well, the pressure rapidly dropped and the pressure driving force increased. Under the dual driving forces, the decomposition rate of hydrate was faster than that before the production step.
The m H curve thus continuously reduced in a serrated shape. However, in the later period of the production stage, the serrated shape became less obvious. This was due to the heat loss and hydrate consumption in the reactor, making the difference between the slopes of the m H curve increasingly smaller during the closure of the reactor and the gas generation period.
Although extra energy was not consumed in PD, it took the longest time for gas recovery with a low gas production rate and the low extraction efficiency. The production time of PH was less than that of PD, but when compared with the SDH and H&P method under the same extraction power, the production time of the former was about three times longer than that of the latter two. At the same time, it was found that the effect of the electric heating on gas production was limited with PH and the hydrate around the reactor wall could not be fully exploited. Due to the higher hydrate saturation in Run 5 with H&P, the accumulative gas production of it was slightly larger than that with SDH. However, the H&P method took a little more time for gas production than the SDH method, and the hydrate decomposition rate of the former was lower than the later. As a result, the SDH method was considered relatively superior by comparing with these four methods from the three parameters, which were gas production time, gas production rate and hydrate decomposition rate.
In order to investigate the effect of heating power on hydrate exploitation with SDH method, an additional run with Q = 12.5 W was carried out, and its V P and m H curves were drawn with Run 3 in Figure 6 . One could see that the starting points of the two m H curves were very close, which was due to almost the same initial hydrate saturation in two runs with SDH. However, in this method, the decrease of m H curve with 25 W was faster than that with 12.5 W, and the exploitation time of the former was shorter than that of the later. This was because under the same production pressure, the heating power of 25 W could provide larger driving force for hydrate decomposition within the same duration. For the V P curves, they were very close within 10 min. This suggested that when using the SDH method in a single vertical well, although different electric heating power provided different thermal driving force, the pressure driving force dominated the hydrate decomposition in the early production period, making the hydrate decomposition around the boundary through heat absorption from the water bath more obvious. On the other hand, there might be more hydrate around the center well in Run 2, so Run 2 with a lower heat injection rate shared the same decomposition rate with Run 3. The effect of hydrate decomposition was thus the same before the electric heating was able to offer sufficient heat. Afterwards, the V P curve of SDH with 25 W continued increasing at a larger rate, while the growth rate of SDH with 12.5 W began to decrease, and the difference between the two curves gradually increased. The reason for this phenomenon was that with the gradual expansion of the hydrate-decomposed region after 10 min, the heated area increased. At this time, the thermal driving force provided by electric heating with 12.5 W gradually decreased to be failed to meet the rapid decomposition of the hydrate, and the rates of hydrate decomposition and gas production therefore began to gradually decline over time. However, the thermal driving force provided by that with 25 W could temporarily satisfy the rapid decomposition of the hydrate, thus the rates of hydrate decomposition and gas production in this run were not affected, and the V P curve continued rising with nearly the same growth trend until the provided thermal driving force was unable to maintain the rapid hydrate decomposition rate. From the above analysis, we can consider controlling the hydrate decomposition rate and production time by changing the heating power, which provides a mean for commercial exploitation. Figure 7 shows the net energy (Enet) and the total energy consumption (EC) obtained from the production stage in the five runs. As the most important assessment criteria, the definitions of Enet and EC are:
Energy Consumption and Gain
In (6) and (7), ΔH is the total enthalpy produced by methane combustion (889.6 KJ per mole at 1 atm and 25 degrees Celsius). Δt represents the electric heating time (s), and Q is the heating power (W). Figure 7 shows the net energy (E net ) and the total energy consumption (E C ) obtained from the production stage in the five runs. As the most important assessment criteria, the definitions of E net and E C are:
In (6) and (7), ∆H is the total enthalpy produced by methane combustion (889.6 KJ per mole at 1 atm and 25 degrees Celsius). ∆t represents the electric heating time (s), and Q is the heating power (W). Figure 7 shows the net energy (Enet) and the total energy consumption (EC) obtained from the production stage in the five runs. As the most important assessment criteria, the definitions of Enet and EC are:
In (6) and (7), ΔH is the total enthalpy produced by methane combustion (889.6 KJ per mole at 1 atm and 25 degrees Celsius). Δt represents the electric heating time (s), and Q is the heating power (W). The PD method showed the longest production time, but the E net curve of it was the highest at the end of the exploitation. And the Ec curve coincided with a line on the x-axis. It was because no extra heating was supplied in this method, and the energy consumption was 0. The slope of E net curve gradually fell due to the decrease of the gas production rate, as discussed in Figure 5 .
In Figure 7 , with the PH method, a significant bending point was seen in E net curve as well as the V P curve at 80 min. However, unlike the V P curve, which continued rising slowly and stabilized after 80 min, the E net curve slowly increased to a maximum value after 80 min and then began to bend down until the end of the experiment. The reason was that the cumulative gas production increased with the decrease of the increasing rate, while the amount of heat consumption increased linearly. At this time, the gaining rate of net energy began to decrease and then it even became negative. Although the production duration of PH was shorter than that of PD, the total net energy gain was much lower. This was due to the less obtained energy caused by the incomplete decomposition of the hydrate and the highest E C for gas production.
Under the dual driving forces of electric heating and depressurization, the amount of the gained E net in two runs of SDH was a little less than that of PD. The E net curve was growing at a high rate almost throughout the production stage before the E net slowly declined when reaching its maximum value. However, its trend was different from that with SDH in Figure 6 where the end of the V P curve tended to be stable. This was because the hydrate was completely decomposed and no gas was produced when approaching the end of production. At this point, electric heating still consumed energy, and the total amount of E net thus began to slowly decline. From the comparison of the E net curves in the two runs by SDH, it was found that the case with 25 W showed faster increasing rate than that with 12.5 W, but the total E net of the former was less than that of the later. This was because the higher electric heating power accelerated the decomposition of the hydrate, and led to the higher gaining rate of net energy. However, the run with lower electric heating power consumed less energy when the accumulated gas production was basically the same, as shown in Figures 6 and 7 .
The E C curve of the H&P was in a step-up shape. Moreover, due to the cyclic heating with a fixed power and heating time, the height of each step was the same. On the other hand, the E net curve in H&P was similar to the step shape, where each step represented a huff and puff cycle. In each step, the E net curve first gradually fell during the heat injection step within 3 min, and then it remained horizontal in the next 5 min. This was because there was no gas production during the heat injection and soaking step, resulting in no energy gain. However, during the heat injection step, the E net reduced due to the energy consumption, while for no energy consumption during the soaking step, the E net was kept constant. The E net curve rose sharply during the production step. The increase in E net was directly determined by the amount of gas produced during this step. Since there was no heat provided during the production step, the energy obtained from the produced methane gas was exactly the obtained net energy. As exploitation progressed, the amount of E net in each cycle became increasingly less. This was also due to the decrease of the total amount of hydrate in the reactor and the backward movement of the hydrate decomposition interface, which reduced the gas production during the gas production step.
Although the electric heating power of the H&P (25 W) was twice as large as that of the SDH (12.5 W), the energy consumption of them was almost the same because the heating in H&P was not continuous. Furthermore, the duration for obtaining the maximum net energy in H&P was shorter than that in SDH as a larger driving force with a higher heating power was provided by the H&P method for hydrate decomposition. One could see that under the same heat injection conditions, different exploitation methods showed different effects on hydrate decomposition and extraction time. On the other hand, under the same consumption of electric heating energy, because of higher initial hydrate saturation of the H&P, the E net of the H&P with 25 W was larger than that of the SDH with 12.5 W. Then comparing H&P with SDH in 25 W, the energy consumption of SDH was about 1.5 times more than that of H&P. This was because the heat from the heating well could be diffused freely into the interior of the hydrate sediment with H&P due to no fluid flowing to the production well during the heat injection and soaking step. Besides, heat injection was stopped during the production step to prevent the gas-liquid flow from carrying more heat. In addition, in the production step, the hydrate continued dissociating by absorbing the heat from the sediment sand that was heated during the heat injection and soaking step, so the temperature in the reactor rose to increasingly lower level in each cycle. As a result, the energy provided by electric heating was mainly absorbed by the hydrate for decomposition rather than by the sediment sand and water in the reactor, and the heat transferred to the water bath was small enough to cause less energy loss. On the other hand, the heating in SDH was continuous, and in order to maintain a continuous temperature gradient, the electric heating consumed a larger amount of energy. Therefore, the final heat loss was smaller and the E net was higher with H&P than with SDH.
In accordance with the analysis of the four methods in terms of E net , E C , production time and the gaining rate of net energy, one could see that no extra energy was consumed in PD, but it showed a low net energy obtaining rate and the longest time for production. For the PH method, it had a long period of production, and the most energy consumption and the lowest net energy gain were seen with it. With the same heating power (25 W), the H&P method consumed less heat compared to that of the SDH method, and the former showed the largest E net with just a slightly longer production duration. In addition, with the same energy consumption, comparing the SDH of 12.5 W with the H&P of 25 W, the later took less time for exploitation with a higher E net . From the above analysis, the H&P method was considered to have the most promising exploitation effect.
Energy Efficiency
In this paper, we define energy efficiency (η) as follows:
In (8), ∆H and E C are the same as those in (6) . Because of different energy qualities of the above two energy sources, they should be transformed into the same energy quality when analyzing the energy efficiency. At present, the electric energy is converted from other forms, such as fire, water, nuclear and wind energy. Since the combustion heat of methane determines the obtained energy, the conversion efficiency of fire energy is chosen as the conversion coefficient. And it is generally between 32% and 34% [65] , so this paper takes the middle value of 33%. Subsequently, the modified net energy (ME net ) and energy efficiency are further defined as follows:
The energy-obtaining period should be considered in NGH exploitation for the promotion of commercial production. In accordance with this, the time factor is introduced when comparing the obtained net energy from each experiment to form a new time-energy indicator: the average net energy acquisition (AE net ). And it can be adopted to measure the commercial applicability of various methods. The definition of AE net is as follows: Figure 8 compares the final ME net , E C and η among five Runs and shows the average E net of them. In Figure 8a , since the E C of PD was 0, the ME net and the energy efficiency (100%) of it were the highest. However, from Figure 8b , the AE net of the PD was found to be small, below 1 KJ/min, thus the commercial production value of it was low. The value of ME net with PH became negative, and the E C was the biggest. This indicated that the total energy consumed for exploitation was greater than the energy gained from the combustion of the produced methane. In addition, the heat provided only by electric heating above the equilibrium point was insufficient to provide enough dissociation driving force, and the continuous exploitation required a lot of energy. This suggests that excessive energy was wasted in the later period in the PH run. By this method, the values of energy efficiency and AE net were both negative and the production effect was not ideal, showing no commercial exploitation value. In the other three runs of the experiment, the ME net in H&P was slightly higher than that in SDH with 12.5 W, but the energy consumption and energy efficiency of the two were almost the same. However, one could see from Figure 8b that the AE net in H&P was significantly higher than that in SDH with 12.5 W and it was the highest. Under the same heating power of 25 W, the ME net , energy efficiency and AE net of H&P were better than that of SDH, indicating that the use of different exploitation methods posed a significant impact on the effect of hydrate production. value. In the other three runs of the experiment, the MEnet in H&P was slightly higher than that in SDH with 12.5 W, but the energy consumption and energy efficiency of the two were almost the same. However, one could see from Figure 8b that the AEnet in H&P was significantly higher than that in SDH with 12.5 W and it was the highest. Under the same heating power of 25 W, the MEnet, energy efficiency and AEnet of H&P were better than that of SDH, indicating that the use of different exploitation methods posed a significant impact on the effect of hydrate production.
(a) (b) Given the above results, we can consider the different heating way to optimize the exploitation effect. For example, an ideal exploitation effect and better commercial value are shown in the H&P, and actually, it is a kind of depressurization combined with heating method, which changes the heating to be discontinuous. In addition, by comparing the two runs of SDH, one can see that energy efficiency and MEnet can be increased by reducing the electric heating power, although AEnet decreases slightly with a lower heating power. It shows that a better production effect can be achieved by choosing reasonable electric heating power and optimizing the production process. In all, the H&P Given the above results, we can consider the different heating way to optimize the exploitation effect. For example, an ideal exploitation effect and better commercial value are shown in the H&P, and actually, it is a kind of depressurization combined with heating method, which changes the heating to be discontinuous. In addition, by comparing the two runs of SDH, one can see that energy efficiency and ME net can be increased by reducing the electric heating power, although AE net decreases slightly with a lower heating power. It shows that a better production effect can be achieved by choosing reasonable electric heating power and optimizing the production process. In all, the H&P is concluded to be the most commercially profitable and optimized method through the comparison of ME net , the energy efficiency and AE net .
Conclusions
After experimentally simulating NGH exploitation by the above four methods, and based on the analysis of experimental data, we can draw the following conclusions:
(1) The heat from electric heating can be effectively transferred to the hydrate deposit. The hydrate distribution in the reactor is considered to be relatively uniform. The temperatures of PD, SDH and PH method increase at different growth rates until the heat transfer between the internal and the external of the reactor reaches in a balance. However, the temperature-changing trend in the H&P process is a cyclical rise that fluctuates with time. Besides, the temperature change in the reactor is affected not only by the production method but also by the produced water in the production process. (2) The V P and m H curves in the same run of the experiment intersected at one point, showing the total amount of undecomposed hydrate was just equal to that of the dissociated in the reactor. Besides, the hydrate decomposition is the only source of gas production. (3) In the PD method, the decomposition front moves from the boundary to the central vertical well by absorbing heat from water bath. In contrast to PD, additional heating driving force is provided in the PH, SDH and H&P method, with which the hydrate mainly decomposes from the center well to the boundary of the reactor. In addition, the hydrate cannot be completely exploited by PH, indicating that the heat offered by it shows a limited influence range. (4) The V P in the H&P process continues increasing in the step shape, and the quality of the undecomposed hydrate shows a gradual serrated decrease. The qualities of gas production and undecomposed hydrate are gradually changed with time in PD, SDH and H&P. From the aspect of gas production time, gas production rate, and hydrate decomposition rate, the SDH method is considered relatively superior. (5) With different electric heating powers in SDH, the production effect is the same before the thermal driving force provided by the lower heating power can meet the rapid decomposition of hydrates. After this duration, the group with higher heating power shows a better decomposition effect. It is a mean for commercial exploitation to change heating power for the control of the decomposition rate and the production time. However, it should be realized that the increase of the electric heating power has limited impact on the net energy gain. (6) When consuming the same total energy, H&P with a bigger heating power provides a larger thermal driving force for decomposition than in SDH. In addition, the rise of the pressure in the reactor during the soaking step increases the driving force for decomposition, and the exploitation duration is shorter than that of SDH. On the other hand, at the same power, continuous heating with SDH consumes a large amount of energy to maintain a continuous temperature gradient in the reactor; while, during the production step of H&P, the heating process is stopped, and the hydrate absorbs the heat stored in quartz sand in the heated area and continues decomposing, resulting in less heat loss with H&P. After the analysis of the energy aspect and exploitation duration, the H&P method is believed to show the best exploitation effect among the four methods. (7) The use of different exploitation methods will have a significant impact on the hydrate production effect. The AE net of PD is such small to have less commercial value. Besides, the PH method has no commercial extraction value as the energy efficiency and AE net are the lowest in four methods, and the exploitation effect is not ideal. However, an ideal exploitation effect is shown in the H&P method, and it has the most commercial exploitation value in the four methods. Moreover, the production effect can be optimized by choosing a reasonable electric heating power. 
